Summary: SOAP2 is a significantly improved version of the short oligonucleotide alignment program that both reduces computer memory usage and increases alignment speed at an unprecedented rate. We used a Burrows Wheeler Transformation (BWT) compression index to substitute the seed strategy for indexing the reference sequence in the main memory. We tested it on the whole human genome and found that this new algorithm reduced memory usage from 14.7 to 5.4 GB and improved alignment speed by 20-30 times. SOAP2 is compatible with both single-and paired-end reads. Additionally, this tool now supports multiple text and compressed file formats. A consensus builder has also been developed for consensus assembly and SNP detection from alignment of short reads on a reference genome. Availability: http://soap
Next-generation DNA sequencing technologies, including Illumina/ Solexa and AB/SOLiD, have been dominant tools for genomic data collection. Various applications have been developed using these technologies to promote biological research, such as detecting genetic variation through whole genome or target region resequencing, refining gene annotation by whole transcriptome sequencing, profiling mRNA and miRNA expression and studying DNA methylation. One of the common key data analysis steps of these applications is to align huge amounts of short reads onto a reference genome. New efficient programs have been developed to meet the challenges for such alignment. Among them, SOAP (Short Oligonucleotide Alignment Program; has been used widely for these types of analyses due to its fast speed and richness of features.
With further improvement on sequencing throughput and the launch of big research projects, much faster short-read alignment methods are required to handle the data analysis of such large-scale sequence production. For example, the 1000 Genomes project that aims to create the most detailed and medically useful human genetic * To whom correspondence should be addressed.
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variation map, will generate about 15 Tb of sequence using nextgeneration sequencing technologies. With even the fastest programs currently available, one would need ∼1000 CPU months to align these short reads onto the human reference genome. Additionally, new methods are now needed to support longer reads as the existing methods were primarily designed for very short reads with typical lengths shorter than 50 bp. With improvements in sequencing chemistry and data processing algorithms, the Illumina Genome Analyzer can now generate up to 75-100 bp high-quality reads, and longer reads are expected in the near future. Here, we have developed an improved version of SOAP, called SOAP2. The new program uses the Burrows Wheeler Transformation (BWT) compressed index instead of the seed algorithm that was used in the previous version for indexing the reference sequence in the main memory. Use of BWT substantially improved alignment speed; additionally, it significantly reduced memory usage.
Big eukaryotic genomes always consist of a large number of repetitive sequences (e.g. 45% of the human genome). Suffix trees and suffix arrays are considered the most appropriate methods for indexing DNA sequence, through which only one alignment is needed to for repetitive sequence with multiple identical copies in the genome. The complexity in space and time of such index construction has limited such algorithm usage in only small genomes. But the recent development of compressed indexing has reduced the space complexity from O(n) bytes to O(n) bits. Among these is the BWT (Burrow and Wheeler, 1994) , a reversible data compression algorithm, which was found to be the most efficient. The space complexity of BWT is n/4 bytes, and only 1 GB memory in RAM is required for indexing the whole human genome. This algorithm has been used for efficient whole-genome comparison and indexing for Smith-Waterman local alignment to the human genome (Lam et al., 2008) .
Using this in our alignment method, we determined an exact match, by constructing a hash table to accelerate searching for the location of a read in the BWT reference index. For example, if we use a 13mer on the hash, then the reference index would be partitioned into 2 26 blocks, and very few search interactions are sufficient to identify the exact location inside the block. For inexact (both mismatch and indel) alignment, we applied a 'split-read strategy'. To allow one mismatch, a read was split into two fragments. The mismatch can exist in, at most, one of the two fragments at the same We used a query dataset of one million read pairs generated by the Illumina Genome Analyzer on a human DNA sample to test the software performance. The read length was 44 bp. The paired-end insert size was about 200 bp. The human reference genome was NCBI build 36.1. At most four mismatches were allowed in SOAP2, at most two mismatches were allowed in 5 -end 35 bp with low-quality trimming in SOAP, and mapping quality cutoff '-e 80' was used for MAQ and Bowtie. Evaluation was performed on a computer server with CPU Intel Xeon E5335 (2.0 GHz) and 16 GB RAM installed.
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time. Likewise, we split a read into three fragments to search for hits that allow two mismatches. This enumeration algorithm was used to identify mutation sites on the reads. In paired-end alignment mode, we first independently aligned the two reads belonging to a pair then searched for the pair of hits with the correct orientation relationship and proper distance. Similar to SOAP, we preferentially select the best hit of each read or read pair, which have the lowest number of mismatches or small gaps. In general practice, a user can also choose the option to report all hits that satisfy their selected preset similarity rate. For most analyses, to guarantee alignment accuracy, we recommend allowing at most two mismatches or one continuous gap in the high-quality part of a read. For the low-quality regions of a read (the 3 -end, which can contain a higher rate of sequencing errors), we provided an option that allows more mismatches within this defined 3 -end region. Since sequencing read length is getting longer and longer, the SOAP2 program is now compatible with read lengths up to 1024 bp.
We evaluated the performance of this software on a dataset containing one million read pairs generated from a human Asian individual (Wang et al., 2008) . Although SOAP2 was designed for improved Illumina GA sequencing with read length over 50 bp, we chose a 44 bp read length in this evaluation, which is compatible with the tools SOAP (Li,R. et al., 2008) , MAQ (Li,H. et al., 2008) and the recently developed BWT-based alignment tool Bowtie (Langmead et al., 2009) . SOAP2 takes 7200 s to build a BWT index for the human reference genome, which is 12 times slower than building the seed index that was implemented in SOAP. Thus, we prebuild the index on a hard disk, and then load it into RAM directly when starting a new alignment job for that genome. The memory usage was reduced from 14.7 GB in SOAP to 5.4 GB in SOAP2. SOAP2 was more than 20 times faster than SOAP and MAQ with similar amount of reads aligned (Table 1 ). SOAP2 and Bowtie have comparable speed on aligning single-end reads, while Bowtie cannot always find the best alignment hits and cannot align paired-end reads (Langmead et al., 2009) . It should be made aware that the alignment sensitivity was determined by sequencing quality and the parameter setting of each alignment tool, so the percent of reads aligned would vary in different datasets.
SOAP2 supports multiple input and output file formats. The reference sequence can be loaded as either a text or a gzipped FASTA format, and the query reads can be in either FASTA or FASTQ format. The output formats include a SOAP tab-delimited text table, a gzipped text table, a Sequence Alignment/Map (SAM) format and its binary equivalent (BAM) that is recommended by the 1000 Genomes Consortium, and a Consed format that fits with the assembly viewer.
As SOAP2 is specifically designed for ultrafast alignment of short reads onto a reference sequence for large-scale resequencing projects, we have developed a companion assembler for consensus assembly of the sequenced individual based on the alignment of the reads on the reference sequence. The assembler has been included in the SOAP software package and is also freely available from the website. With this, we can detect SNPs by comparing the assembled sequence to the reference genome. The assembler uses Bayes' theorem to infer the genotype of each base pair from the aligned reads and sequencing quality scores. The estimated SNP rate between the sequenced individual and the reference genome is used as prior probability, the raw sequencing qualities were recalibrated according to the alignment, the reads generated from potential duplicate clones were removed, and finally the genotype was called from the posterior probabilities with a Phred-like score transformed from the probability to indicate its accuracy. The tool has been used in analyzing the Asian genome data and showed over 99.9% accuracy (Wang et al., 2008) .
